Thresholds for the detection of motion in depth in the median plane of the head are substantially poorer than those for motion in the frontoparallel plane. This suggests the existence of two independent mechanisms for their detection. Any three-dimensional (3-D) motion can be decomposed into components of motion in the frontoparallel plane and in the median plane of the head. Can human performance for the detection and discrimination of other 3-D motions be predicted by a combination of responses from the two independent mechanisms? Minimum displacement thresholds (d min ) for the detection of 3-D motion and the direction discrimination of 3-D motion were measured for a wide range of 3-D directions. d min data were modelled in terms of the probability summation of a pair of independent motion mechanisms, one responding to motion in the median plane of the head, the second to motion in the frontoparallel plane. Detection of 3-D motion was well predicted by probability summation across a range of 3-D directions. Direction discrimination of 3-D motion was similarly well fit by the probability summation model for multiframe motion displays for some observers. However for two-frame motion displays, direction discrimination for 3-D motion was best fit by a model using only a motion mechanism in the frontoparallel plane. Detection and direction discrimination thresholds for 3-D motion can therefore be explained on the basis of one or two mechanisms, sensitive to motion in the frontoparallel plane and in the median plane of the head. Ó
Introduction
Human observers have an impressive ability both to detect the motion of a target on a screen and to discriminate its direction. The smallest displacement of a target between one frame and the next that can be reliably detected by human observers is around 10 00 (Legge & Campbell, 1981; Tyler & Torres, 1972; Westheimer, 1979a) . However displacements of motion of this order are only realised when there is a nearby stationary reference marker (Johnson & Scobey, 1982; Legge & Campbell, 1981; Tyler & Torres, 1972) or when there is relative motion between the stimulus elements (Snowden, 1992) . In addition, the stimulus needs to be presented in or near the fovea (Levi, Klein, & Aitsebaomo, 1984; McKee, Welch, Taylor, & Bowne, 1990) . The smallest displacement of motion between one frame and the next that can be reliably detected is known as the minimum displacement threshold (d min ).
The human visual system is thus well adapted for detecting and discriminating the direction of very tiny motions. But human vision is also binocular, does having two eyes help in motion processing? If a moving stimulus is viewed binocularly, such that each eye views the same image, then motion is perceived in the frontoparallel plane. If the direction of motion is reversed in one eye, such that the motion is equal and opposite in the two eyes, then motion is perceived in the median plane of the head, towards or away from the observer. When minimum displacement thresholds for motion in depth along the median plane are compared with those for motion in a frontoparallel plane, they are found to be substantially poorer (e.g. Tyler, 1971; Westheimer, 1990) . Similar differences in performance have been demonstrated in a suprathreshold search task (Harris, McKee, & Watamaniuk, 1998; . Vision Research 42 (2002) 715-724 www.elsevier.com/locate/visres In the presence of stationary three-dimensional (3-D) distractors, a target moving in the median plane is significantly harder to detect than a target moving in the frontoparallel plane. This growing body of evidence, that motion in the median plane has very different properties to motion in the frontoparallel plane, suggests that the two may be processed by independent motion mechanisms. Any 3-D motion can be considered as a combination of motion in the frontoparallel plane and motion in the median plane. Does the visual system combine information from the highly sensitive mechanism for frontoparallel motion and the less sensitive mechanism for motion in the median plane? Displacement thresholds measured for intermediate 3-D motions are found to fall between the thresholds for motions in the median and frontoparallel planes (Tyler, 1971; Westheimer, 1979b Westheimer, , 1990 ). An additional displacement of 10 00 in the frontoparallel plane is sufficient to significantly reduce the displacement threshold for motion in the median plane (Westheimer, 1979b) . Similarly, under suprathreshold viewing conditions, the addition of a relatively small frontoparallel motion to a large motion in the median plane, makes a moving target significantly easier to detect in the presence of 3-D distractors (Harris et al., 1998; . However, this relationship is not entirely reciprocal, since a relatively large motion in the median plane has to be added to any frontoparallel motion to significantly affect performance for target detection . This may simply reflect the different sensitivities of the mechanisms for motions in the frontoparallel and median planes. An alternative explanation, which we examine further here, is that motion detection may rely exclusively on the frontoparallel motion mechanism for a range of 3-D motions (Harris et al., 1998; .
Our aim in this paper was to systematically explore the detection and direction discrimination of a range of 3-D motions, and to test whether displacement thresholds can be predicted by either of two simple models. The first is a simple probability summation model based on the thresholds for frontoparallel motion and motion in the median plane. The second model tests the suggestion that displacement thresholds may be predicted solely from the threshold for frontoparallel motion. We find that each model can predict a different subset of the observed displacement threshold data.
Theoretical background
Any 3-D motion can be decomposed into three orthogonal components. One component is up or down in the frontoparallel plane, but in this study we did not study motions along this axis. We consider a motion component in the frontoparallel plane, such that the direction of motion is leftward or rightward and a second motion component in the median plane of the head, such that the motion is towards or away from the observer. It is important to note that the retinal projections of these two orthogonal motion components scale differently with viewing distance (see Cumming, 1994 for a review). Consequently, for any real 3-D motion, the resultant angular motions of the images on the left and right retinae depend not only on the ratio of the orthogonal motion components, but also on the viewing distance. Our previous investigations have shown that when the angular motions of the images on the two retinae are kept constant, physically altering the viewing distance has little effect on the detection of 3-D motion . This suggests that the limiting factors in detecting 3-D motion operate at a level before that of a scaled 3-D representation and that for many tasks it may be more appropriate to express 3-D motion in terms of angular units subtended on the retinae, rather than in metric units ; see also , 1975 . Throughout this paper we refer to the components of 3-D motion exclusively in these equivalent retinal units and we do not consider scaling with viewing distance. Fig. 1a depicts a 3-D motion of magnitude tt and trajectory angle h, expressed in equivalent retinal units. Note again that since tt and h are expressed in equivalent retinal units, they do not specify the magnitude or direction of the motion in real 3-D space. If tx denotes the motion component in the frontoparallel plane, expressed in equivalent retinal units, and tz denotes the 
) and from a tx-only model (Á Á Á). // symbols denote breaks in the abscissa to allow data for tx=tz ¼ 0 and tx=tz ! 1 to be plotted on the logarithmic scale. motion component in the median plane of the head, again expressed in equivalent retinal units, then:
We can consider these motions in terms of the projections of tt onto each retina. The frontoparallel motion component (tx) is simply the average of the image motions on the right and left retinae:
Similarly, the motion component in the median plane of the head (tz) is the difference between the image motions on the right and left retinae:
The displacement thresholds measured throughout this paper are those for tt, the 3-D motion in equivalent retinal units, which we measure as a displacement in terms of visual angle at the eye.
As discussed in the Section 1, tx thresholds are much better than tz thresholds. How might the visual system deal with combining information from an apparently precise mechanism and an apparently very imprecise mechanism? Any signal will be detected if and only if there is some probability that the threshold for the detecting mechanism is exceeded. If there is more than one mechanism involved in detection the overall probability that the signal will be detected has to take into account the probability of detection in each mechanism. This is known as probability summation (e.g. Sachs, Nachmias, & Robson, 1971) . If there are two mechanisms involved in the detection of 3-D motion, one for tx, and one for tz, the overall discriminability (dt 0 ) should be related to their individual discriminabilities (denoted dx 0 and dz 0 respectively) by:
Using probability summation, we can predict the total threshold (Dt) from the thresholds for tx and tz (denoted Dx and Dz respectively) using:
and substituting the trigonometric relations:
to give:
Rather than using probability summation between the independent tx and tz mechanisms, a further possibility is that the visual system only uses tx and ignores tz (e.g. Harris et al., 1998) . In this case, the total threshold Dt would be predicted from the threshold for tx alone:
Eqs. (7) and (8) represent two hypotheses concerning the way in which the visual system might utilise the two components of motion. We can predict the performance of a probability summation model using both tx and tz (Eq. (7)) and that of a model using only tx (Eq. (8)). Throughout this paper we will refer to the former as the probability summation model and to the latter as the txonly model. We note however that the tx-only model as defined in Eq. (8), is actually a special case of probability summation, in which the threshold for tz is infinite (Dz ! 1). Fig. 1b shows the predicted pattern of displacement thresholds from the two hypotheses, as a function of the trajectory angle (tx=tz ¼ tan h). As illustrative examples of the probability summation model, we consider Dz to be 2, 4 or 8 times higher than Dx. The solid line shows the probability summation prediction for the independent use of both mechanisms if Dz is equal to 2Dx. The prediction is that displacement thresholds follow an s-shaped curve as a function of trajectory angle. The dashed line shows the probability summation prediction where Dz is increased to 4Dx, and the dot-dashed line shows the prediction for Dz ¼ 8Dx. Here displacement thresholds follow steeper s-shaped curves. The dotted line shows the prediction for the tx-only model. The displacement thresholds approach infinity for small trajectory angles, as tx approaches zero. For large trajectory angles, thresholds asymptote to the displacement threshold for frontoparallel motion.
Later in this paper, we use experimentally obtained values of Dx and Dz for each observer to predict displacement thresholds for Dt. We compare the predictions with the measured displacement threshold data collected for a range of different trajectory directions.
Methods

Stimuli
The stimuli were n-frame (Experiment 1: n ¼ 2; Experiment 2: n ¼ 5) random dot stereograms composed of 200 bright dots (luminance 96 cd m À2 ) displayed on an otherwise dark background (luminance 1 cd m À2 ). The use of random dot patterns avoids the problems of possible position cues (Nakayama & Tyler, 1981) . Each frame was displayed for 100 ms and there was no interframe interval. The same patch of random dots was displayed on each frame, but shifted in position so that when binocularly fused, the dots appeared to move coherently along a trajectory in 3-D space. Each trajectory of 3-D motion can be decomposed into a motion component in the frontoparallel plane (tx) and a motion component in the median plane of the head (tz). Fig. 2 shows a schematic diagram of the stimulus, decomposed into the two orthogonal components of motion. Dots at the edge of the patch were made to wrap around in 3-D to the opposite side, so that the dots appeared to be moving within a fixed window. At the centre of the fixed window, a small, bright fixation marker was continuously displayed, so that there was relative motion between the dots and the marker. Relative motion is an important pre-requisite for good minimum motion detection (Snowden, 1992) . Since for some trajectories it was necessary to present subpixel dot displacements, a simple form of anti-aliasing via grey-level interpolation was used throughout. Similar anti-aliasing algorithms have been previously shown to support two-dimensional (2-D) motion hyperacuity (Westheimer & McKee, 1977) and static stereoacuity (Cumming, 1995) .
A fundamental concern was that observers should not be able to perform either the detection task or the direction discrimination task on the basis of static disparity cues alone. For example, if, in a two-interval motion detection task, the stimulus dots always moved in depth from the zero disparity plane in the test interval, and remained in the zero disparity plane in the control interval, then in order to detect the interval in which the dots had moved it would be sufficient for observers to detect a non-zero disparity. Similarly, if in a single-interval direction discrimination task the stimulus dots always started in the zero disparity plane and moved in depth, then in order to decide whether the dots had moved towards or away from them, observers could simply note whether the dot disparity in the final frame was convergent or divergent relative to the fixation marker.
To prevent the cue of static disparity being used in either task, the following method of randomisation was used when the stimulus dots moved in depth. In either the first or last frame (chosen at random), dots had zero disparity and appeared in the fixation plane. In subsequent frames, a constant disparity was added to or subtracted from all the dots so that the plane of dots appeared either in front or behind the fixation plane. Hence a plane of dots could appear to move towards the observer if either (a) the first frame had zero disparity and subsequent frames had convergent disparity, or (b) the final frame had zero disparity and prior frames had divergent disparity. Thus, the tasks cannot be performed by considering only a single frame of the display. In addition, in the control interval of the detection task, the depth of the stimulus dots was chosen at random on each trial to be either zero disparity or to equal the nonzero disparity in the test interval. For the condition in which there was no depth component of motion (tz ¼ 0), the dots were presented in the fixation plane across all frames.
Apparatus
All stimuli were generated on a Pentium 200 MHz PC with fast 24 bits/pixel graphics. Stereo pairs of halfimages were displayed side-by-side on a single monochrome monitor and viewed through a modified Wheatstone stereoscope (Johnston, Cumming, & Parker, 1993 ) so that only a single half-image was visible to each eye. When viewed from a distance of 3 m, each half-image subtended an angle of 2°at the eye. Observation took place in an otherwise dark laboratory.
Observers
Three observers completed this study: the first author; a second experienced psychophysical observer; and a third observer who remained naive as to the purpose of the study and was paid for his participation. All observers had normal or corrected-to-normal visual acuity in each eye and could report the depth in static random dot displays.
Psychophysics
The study used a two-alternative forced-choice (2AFC) procedure. Data were collected separately for the motion detection and direction discrimination tasks. For the motion detection task, observers viewed a target stimulus (moving dots) and a control stimulus (stationary dots), presented in random order and separated by an inter-stimulus interval of 400 ms. Observers were asked to indicate, by button presses on a joystick, the interval in which the target stimulus was presented. For the direction discrimination task, observers viewed a single interval of moving dots and were asked to indicate the direction of motion of the dots as either ''leftwards and towards the observer'', or ''rightwards and away from the observer''. No feedback was given at any point. Data was collected separately for each 3-D trajectory of motion, using a three-up, one-down staircase, to converge on 79% correct (Wetherill & Levitt, 1965) . In each experimental run, two such staircases were interleaved, one starting at a value 0.2-0.7 log units above estimated threshold, and the second starting equidistant below threshold so that the observer was presented with both easy and hard trials at the beginning of each experimental run. In order to help the staircase to converge quickly, prior to the first reversal, step-size was 0.3 log units, between first and second reversals this was reduced to 0.2 log units, and from the second reversal on this was kept constant at 0.1 log units. Each staircase was terminated after 11 reversals. The stimulus levels of the last eight reversals were averaged to give an estimate of displacement threshold. At least four experimental runs were performed for each trajectory. The mean displacement threshold and standard error estimate were computed from the individual displacement thresholds.
Results
Experiment 1: two-frame motion
In Experiment 1, stimuli consisted of two frames of dots (200 ms). Fig. 3 shows displacement thresholds for detection and direction discrimination of two-frame motion as a function of trajectory angle. First examine the displacement thresholds for detection of the moving stimulus (open symbols). With increasing trajectory angle (increasing tx=tz), observers' displacement thresholds decrease and asymptote to a value of around 30 00 . Now consider the displacement thresholds for discrimination of the direction of the moving stimuli (filled symbols). For motion in the median plane of the head (tx=tz ¼ 0), all three observers are unable to discriminate motion towards them from motion away from them. Their verbal report is of perceiving motion, but not direction, in the median plane. For a small trajectory angle (tx=tz ¼ 0:125), all observers are able to discriminate the direction of motion, but poorly, with thresholds exceeding 180 00 . With increasing trajectory angle, observers' displacement thresholds decrease and again asymptote to a value of around 30 00 . To calculate the probability summation prediction (Eq. (7)), estimates of the displacement thresholds for stimuli moving only in the frontoparallel plane (tx=tz ! 1) and only in the median plane of the head (tx=tz ¼ 0) are required. To calculate the prediction for the tx-only model (Eq. (8)), only the former estimate is required. We used the experimentally obtained values of these two displacement thresholds for each observer to predict the displacement thresholds across the range of trajectory angles. Note that since the estimates of the two displacement thresholds will have associated errors, the model prediction represents an estimate, not an exact fit to the data. Fig. 4 shows a comparison of the model fits to the observers' displacement thresholds, re-plotted from Fig.  3 . First consider the model predictions for the detection of motion (upper panels). The probability summation predictions, calculated separately for each observer, are shown by the solid line. Observers' thresholds (open symbols) are very similar to the probability summation model. The tx-only predictions, again calculated separately for each observer, are shown by the dotted line. Human performance is clearly far superior to this model for small trajectory angles, when tx is relatively small. Now consider the model predictions for the direction discrimination (lower panels). Since it was not possible to measure thresholds for motion only in the median plane of the head (tx=tz ¼ 0), we cannot present probability summation predictions for these data. The txonly predictions are shown by the dotted lines. This model fits the observers' thresholds (closed symbols) well. Note, these lines are not calculated as a best fit, they are simply based on how the proportion of tx in the stimulus varies as a function of trajectory angle.
The data in Fig. 4 show that the human observers' displacement threshold functions for direction discrimination are well predicted by the tx-only model. Do human observers base their direction of motion Fig. 3 . Minimum displacement thresholds as a function of trajectory angle for two-frame motion. Open symbols show thresholds for detection of motion and closed symbols show those for discrimination of the direction of motion. Error bars represent AE1 standard error of the mean. // symbols denote breaks in the abscissa to allow data for tx=tz ¼ 0 and tx=tz ! 1 to be plotted on the logarithmic scale.
judgements solely on the motion component in the frontoparallel plane? We performed a more direct test of this hypothesis below using two of the original observers.
The stimulus was modified slightly so that the direction in depth of the motion was fixed for an entire experimental run to be either towards or away from the observer. For example, for an experimental run in which the depth component of motion was always towards the observer, the instructions were to judge the direction of motion as either ''leftwards and towards the observer'' or ''rightwards and towards the observer''. Here tz provides no useful information to discriminate the directions of motion. Instead observers must base their decision solely on tx. Table 1 shows the displacement thresholds for direction discrimination in this new condition for two motion trajectories. The original displacement thresholds from Fig. 3 are also given for comparison. For observer AEW for both trajectories, and for observer JHS for the trajectory tx=tz ¼ 0:25, the displacement thresholds are not significantly different between the two conditions (note the standard errors on the data). For observer JHS for the trajectory tx=tz ¼ 4, the displacement thresholds are actually worse when there is a usable tz in the stimulus. Thus, observers do perform as though they were basing their decision about the direction of motion solely on the direction of tx.
Experiment 2: five-frame motion
In Experiment 2, the stimulus duration was increased to five frames (500 ms) and again detection and discrimination thresholds were compared. By definition, the displacement threshold is the displacement between any two consecutive frames (n and n þ 1) that can be determined correctly on 79% occasions. Fig. 5 shows the displacement thresholds for the detection and the direction discrimination of five-frame motion as a function of trajectory angle. For both detection and direction discrimination displacement thresholds are significantly lower than those found for two-frame motion (note the different ordinate scale compared with Fig. 3 ). This is consistent with previous findings that as stimulus duration increases, displacement thresholds Fig. 4 . Predicted displacement thresholds as a function of trajectory angle from a probability summation model (--) and from a tx-only model (Á Á Á) for two-frame motion. Upper panels show predictions for detection of motion; lower panels show predictions for direction discrimination. Open and closed symbols show observers' displacement thresholds for two-frame motion (re-plotted from Fig. 3 ). // symbols denote breaks in the abscissa to allow data for tx=tz ¼ 0 and tx=tz ! 1 to be plotted on the logarithmic scale. decrease (Boulton, 1987; Snowden & Braddick, 1990 ; see also van de Grind, van Doorn, & Koenderink, 1983; van de Grind, Koenderink, & van Doorn, 1986) . If thresholds are governed by a minimum amplitude of motion, the total displacement measured across all stimulus frames should remain constant. The secondary ordinate axis in Fig. 5 shows the total displacement across all five stimulus frames, at threshold. For all but very small trajectory angles, the total displacements across all frames at threshold, appear fairly similar for two-frame motion (Fig. 3) and five-frame motion (Fig. 5) .
For the detection of five-frame motion (open symbols), observers' displacement thresholds decrease with increasing trajectory angle and asymptote to values around 10 00 . This is a similar pattern of results to that obtained in Experiment 1 for the detection of two-frame motion. The displacement thresholds for direction discrimination of five-frame motion (filled symbols), reveal inter-observer differences. For motion in the median plane of the head (tx=tz ¼ 0), the two experienced psychophysical observers are able to discriminate motion towards them from motion away from them, with displacement thresholds of around 30 00 . However, the third, na€ ı ıve observer (JSM) remains completely unable to discriminate motions in the median plane of the head. As in Experiment 1, his verbal report is of perceiving motion, but not its direction in the median plane. With increasing trajectory angle, all observers' displacement thresholds decrease sharply and asymptote to around 10 00 . Fig. 6 shows a comparison of the model fits to the observers' displacement thresholds for five-frame motion, re-plotted from Fig. 5 . The solid lines show the predictions for the probability summation model and the dotted lines the predictions from the tx-only model. Fig. 5 . Minimum displacement thresholds as a function of trajectory for five-frame motion. The secondary ordinate axis shows the total displacement across all five frames at threshold. Open symbols show thresholds for detection of motion and closed symbols show those for discrimination of the direction of motion. Error bars represent AE1 standard error of the mean. // symbols denote breaks in the abscissa to allow data for tx=tz ¼ 0 and tx=tz ! 1 to be plotted on the logarithmic scale. Fig. 6 . Predicted displacement thresholds as a function of trajectory angle from a probability summation model (--) and from a tx-only model (Á Á Á) for five-frame motion. Upper panels show predictions for detection of motion; lower panels show predictions for direction discrimination. Open and closed symbols show observers' displacement thresholds for five-frame motion (re-plotted from Fig. 5 ). // symbols denote breaks in the abscissa to allow data for tx=tz ¼ 0 and tx=tz ! 1 to be plotted on the logarithmic scale.
For direction discrimination, we are again unable to present the model based on probability summation for the na€ ı ıve observer. With the exception of this one condition for observer JSM, observers' displacement thresholds for both detection and direction discrimination are well fit by a model based on probability summation of tx and tz.
Discussion
In previous work, we reported a supra-threshold search task for a target moving in 3-D amid 3-D distractors (Harris et al., 1998; . Motion in the frontoparallel plane was found to be significantly easier to detect than motion in depth in the median plane of the head. Along with many other studies on human performance at threshold (e.g. Tyler, 1971; Westheimer, 1979b Westheimer, , 1990 , this suggests that the two orthogonal motions may be detected by independent mechanisms. Here, we tested explicitly how two independent mechanisms might contribute to the detection and direction discrimination of other, intermediate 3-D motions. Specifically we compared a model based on the probability summation of the two independent mechanisms, sensitive to tx or tz, with one based only the mechanism for frontoparallel motion tx. We review the evidence in favour of each below.
Probability summation of tx and tz
Minimum displacement thresholds for the detection of 3-D motion follow s-shaped curves as a function of 3-D direction (see Figs. 3 and 5) . Minimum displacement thresholds for direction discrimination of 3-D motion also follow s-shaped curves as a function of 3-D direction, for multiframe displays, for two out of three observers (see Fig. 5 ). All s-shaped data are well fit by the probability summation model (see Figs. 4 and 6 ), suggesting that a pair of independent mechanisms can account for performance. The steepness of the s-shaped data gives an indication of the difference in sensitivity to motions in the frontoparallel plane and in the median plane of the head. At large trajectory angles (motion dominated by tx), displacement thresholds asymptote to the threshold for frontoparallel motion. Here, the displacement thresholds for detection and direction discrimination are very similar, suggesting that direction can be discriminated at detection threshold and that the motion detection mechanisms are direction selective (e.g. Watson & Robson, 1981; Watson, Thompson, Murphy, & Nachmias, 1980) . However, for small trajectory angles (motion dominated by tz), direction discrimination thresholds are much higher than those for detection. This offers further evidence that when motions are close to the median plane of the head, they are detected by a very different mechanism than that used to detect frontoparallel motion.
We have considered the displacement threshold data in terms of probability summation between a pair of mechanisms, one sensitive to motion in the frontoparallel plane, the other to motion in the median plane of the head. However, it has been suggested that the direction of 3-D motion can be obtained by a mechanism sensitive to the ratio of left and right eye motions (e.g. , 1975 ). An alternative model would therefore be to consider the probability summation of a pair of independent mechanisms, each sensitive to the motion in a single eye. The total threshold could be derived from the thresholds found when the motion is directly towards the left eye (no motion in the right eye) and directly towards the right eye (no motion in the left eye), in a similar way to that described in Eqs. (4)- (7).
How does probability summation based on the motions in the right and left eyes compare with that for independent tx and tz motions? A specific prediction of the left eye/right eye probability summation model is that the threshold for motion in the median plane of the head should be double that for frontoparallel motion. For detection, observers' displacement thresholds were found to be 2-4 times higher for motion in the median plane than for motion in the frontoparallel plane. Application of the left eye/right eye model to the thresholds for detection for observer JHS, produced near identical results to those found for the tx=tz model and whilst reduced chi-square measures were lower for the tx=tz model, it is not clear that any differences are larger than those expected from measurement errors. For direction discrimination in multiframe displays, two observers' displacement thresholds were a factor of 4 higher for motion in the median plane than for motion in the frontoparallel plane. Thus, a tl=tr model will provide a relatively poor fit to the data. For the third observer, probability summation modelling was not possible.
tx only
For two-frame motion displays (and for one observer with multiframe displays), minimum displacement thresholds for direction discrimination of 3-D thresholds approach infinity as the component of motion in the frontoparallel plane approaches zero (tx=tz ! 0; see Fig. 5 ). Further, displacement thresholds for direction discrimination are similar whether or not there is a usable component of motion in the median plane of the head (see Table 1 ). These data are well predicted by the tx-only model (see Fig. 6 ). The inability of observers to discriminate the direction of a stimulus moving in the median plane of the head is crucial here. If observers had been able to perform this discrimination, albeit with very high thresholds, then a probability summation model with very different thresholds for tx and tz may have accounted for the data (see Fig. 1b, Dz ¼ 8Dz) . Indeed, the tx-only model is actually a special case of probability summation, in which the threshold for tz is infinite.
We consider two possible reasons for the inability of observers to discriminate the direction of motion in the median plane for two-frame motion displays. The first possibility is that the minimum displacement threshold (d min ) and the maximum displacement threshold (d max ) converge for the discrimination of this direction of motion. In this case, observers would be unable to discriminate direction since their theoretical d min threshold would exceed d max . However, this possibility seems unlikely. We were unable to find any study that had measured d max for motion in the median plane of the head. However, d max for static stereopsis is around 100 0 of disparity (Glennerster, 1998 ). Yet, when measured across all five stimulus frames, the total displacement at threshold found here is only 120 00 or 2 0 (see Fig. 5 , secondary ordinate axis).
A second possibility is that direction discrimination of motion in the median plane is limited by the short display duration (two frames of 100 ms). Relative displacement thresholds of less than 10 00 are not uncommon for single line targets displaced in depth across two display frames (e.g. Westheimer, 1979b Westheimer, , 1990 . It therefore seems unlikely that the number of display frames per se is a limiting factor. When each of the two frames is displayed for only 5 ms, observers are still able to detect the motion of a line target in the median plane (Beverley & Regan, 1974 ). Displacement thresholds for detection then decrease as a function of display frame duration up to around 100 ms (the display frame duration of our display). Since there are no corresponding data for direction discrimination in depth, it remains a possibility that direction discrimination in the median plane requires a longer processing time than detection, and that this may be the limiting factor on performance.
For a stimulus moving in depth in the median plane of the head, all observers reported that although they perceived motion, they did not know its direction in depth. Indeed, the motion was mostly described as leftwards or rightwards, rather than in depth (see also Cumming, 1995; Cumming & Parker, 1994; . Our current data show that under forcedchoice conditions, this perceived frontoparallel motion cannot be used to discriminate direction in depth. In theory, experienced psychophysical observers could infer the direction in depth from the perceived frontoparallel motion, if they were aware of the eye of origin. Since observers do not seem able to make this inference, the perceived frontoparallel motion appears unsigned in terms of eye of origin. However, the perceived frontoparallel motion may still be important for the detection of motion in depth in the median plane. The addition of random motion noise in the frontoparallel plane adversely affects the detection of motion in the median plane, in the presence of stationary distractors . One interpretation of this result is that due to eye movement or other noise, the two retinal image motions may never be completely cancelled, and there may be a small resultant motion in the frontoparallel plane. Random motion noise in the frontoparallel plane would mask this small residual motion and therefore impair detection.
Conclusion
To summarise, detection thresholds for different 3-D trajectories are well predicted by probability summation of two independent motion mechanisms, one in the frontoparallel plane, the other in the median plane of the head. Direction discrimination thresholds are similarly well predicted for multiframe motion displays for some observers. However, for two-frame displays, observers are unable to discriminate direction in the median plane of the head. These data are best fit by a model based only on the threshold for the frontoparallel motion mechanism. Thus, both detection and direction discrimination thresholds for a range of 3-D motions can be explained on the basis of one or two motion mechanisms in the frontoparallel plane and in the median plane of the head.
